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A 1.2-kilobase (kb) Hind111 restriction fragment containing the pilin gene from Pseudomonas aeruginosa 
PAK has been cloned and sequenced. The pilin protein is 144 amino acids in length with a positively charged 
leader sequence of 6 amino acids. There is probably only one copy of the gene per chromosome. 
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1. INTRODUCTION 2. EXPERIMENTAL 
Pseudomonas aeruginosa is an opportunistic 
pathogen which often invades hosts who have been 
weakened by diseases uch as leukemia and cystic 
fibrosis or by tissue damage caused by severe 
burns. Recent studies have indicated that the 
adherence of P. aeruginosa to mucosal and 
epithelial surfaces is mediated by filamentous 
adherence structures known as pili and that this 
adherence phenotype is necessary for bacterial col- 
onization [ 11. 
Many strains of P. aeruginosa produce 
chromosomally encoded pili which are polar, flexi- 
ble filaments of 5.2 nm diameter and an average of 
2.5 ,um in length [2,3]. The pili are retractable and 
promote infection by various pilus-specific 
bacteriophages [4]. A primitive form of movement 
known as twitching motility [5] as well as the adhe- 
sion of Pseudomonas bacteria to mammalian 
tissues [1,6] have been attributed to pili. 
Here we present the complete nucleotide se- 
quence of a 1.2 kilobase Hind111 restriction frag- 
ment from P. aeruginosa PAK encoding the entire 
pilin gene. The translated nucleotide sequence is 
compared to the published amino acid sequence 
for P. aeruginosa PAK pilin. We also present 
preliminary evidence that the pilin gene exists as a 
single copy within the chromosome. 
Oligonucleotide probes of CA(A/G)TA(T/C)- 
CA(A/G)AA(T/C)TA(T/C)GT were purchased 
from New England Biolabs (MA) and end-labelled 
with Tq polynucleotide kinase and [y-32P]ATP [7]. 
Southern blots [8] were prehybridized with 0.9 M 
NaCl, 0.09 M Tris (pH 7.5), 0.006 M EDTA, 
0.5% SDS, 0.05 pg/ml sheared calf thymus DNA 
and 5 x Denhardt’s solution [0.02% Ficoll, 0.02% 
bovine serum albumin, 0.02% polyvinylpolypyr- 
rolidone in 1 x SSC (0.15 M NaCl, 0.015 M 
sodium citrate, pH 7)] at 34°C for 4 h, then 
hybridized under the same conditions with labelled 
synthetic oligonucleotides for 8 h. Blots were 
washed with 6 x SSC, 0.1% SDS at room 
temperature for 1 h and exposed to X-ray film. 
Double-stranded DNA was nick-translated and 
used to probe Southern blots as described in [9]. 
P. aeruginosa PAK chromosome was prepared 
using the procedure according to Coleman et al. 
[lo]. Complete Hind111 restriction digests of P. 
aeruginosa PAK DNA were ligated into pUC 8 and 
transformed into the E. cofi strain JM83 [ 111. Col- 
onies positive for inserts were plated onto 
nitrocellulose, grown, and lysed according to [9]. 
The nitrocellulose filters were washed free of cell 
debris [7] and then probed with the labelled syn- 
thetic oligonucleotides as above. 
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Recombinant plasmids were isolated in large 
quantities using the cleared lysate method de- 
scribed by Crosa and Falkow [ 121, followed by 
CsCl density centrifugation while smaller amounts 
were obtained by the method of Birnboim and 
Doly [13]. 
Nucleotide sequence analysis was performed us- 
ing the Sanger dideoxy method [14] using 
Ml3 mp18/19 [15] or pUC 8 [16]. 
3. RESULTS AND DISCUSSION 
Several methods were utilized unsuccessfully in 
attempting to clone the P. aeruginosa PAK pilin 
gene. Whole cell immunoblot assays that were suc- 
cessful with the Neisseria gonorrhoeae pilin gene 
[17] did not work for P. aeruginosa. It is known 
that the first 30 amino acids at the amino terminus 
of P. aeruginosa PAK pili and N. gonorrhoeae pili 
are homologous (differing by 7 amino acids) [18]. 
On this basis, it was predicted that the DNA en- 
coding the N. gonorrhoeae pilin protein might 
share enough homology to permit its use as a probe 
for the P. aeruginosa pilin gene. A chimera con- 
taining the N. gonorrhoeae pilin gene (kindly pro- 
A 
vided by Dr M. Koomey, Rockefeller University) 
was tested in this capacity. However, this probe 
failed to identify any homologous fragments with 
a Southern blot of P. aeruginosa chromosome, 
although it did identify 4 bands from a 
chromosomal EcoRI digest of a clinical isolate of 
N. gonorrhoeae (not shown). 
Using the known Pseudomonas aeruginosa PAK 
pilin sequence [ 191, a synthetic oligonucleotide was 
identified as a potential DNA probe for the pilin 
gene. The nucleotide sequence corresponding to 
residues 23-28 was chosen since it represented an 
area of low codon ambiguity. Several restriction 
digests of P. aeruginosa PAK chromosome were 
performed and a Southern blot of these digests 
made. When this blot was probed with the syn- 
thetic oligonucleotide pool and washed under low 
stringency conditions (see section 2), a single, 
distinct band from each digest was found to con- 
tain homology in all cases. Since a Hind111 frag- 
ment of approx. 1.2 kb showed homology with the 
synthetic oligonucleotides, and because the 
Hind111 digest contained few fragments in this size 
range (fig.l), a complete Hind111 chromosomal 
digest was used for ligation into the vector pUC 8. 
Fig. 1. (A) 0.6% agarose gel of various chromosomal digests of P. aeruginosa PAK. (B) Autoradiograph of Southern 
blot of (A) hybridized with 610 bp PstI fragment containing the first 102 N-terminal amino acids of the pilin gene. 
Lanes: (1) A/ZZindIII, (2) EcoRI, (3) BarnHI, (4) San, (5) PstI, (6) ZfindIII, (7) EcoRI/BamHI, (8) EcoRI/SaZI, (9) 
EcoRI/PstI, (10) EcoRI/HindZZZ, (II) BamHI/SaZl, (12) BamHI/PstI. (13) BamHI/~indIII, (14) SalVPstI, (15) 
SaZYZZindIII, (16) PsfI/ZZindIII. 
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Chimeras containing inserts were tested by probing 
colony blots with the synthetic oligonucleotide 
pool. Five out of 250 colonies showed homology 
with this probe pool. DNA from one positive 
recombinant, pBP001, was isolated using a rapid 
plasmid procedure [131, digested with HindIII, and 
shown to contain a 1.2 kb fragment which had 
been inserted into pUC 8. This DNA fragment was 
also sequenced using the oligonucleotide pool as a 
primer [14,16] and shown to contain the N- 
terminal region of f. aeruginosa PAK pilin. 
The entire 1224 base pair Hind111 fragment was 
sequenced using the dideoxy method with Ml3 
mp19 and pUC 8 clones (see fig.2 for sequencing 
strategy, fig.3 for sequence). The complete P. 
Hind111 
PstI 
Sau3A’s 
WA 
Pst I 
Sau3A 
Hind III 
Fig.2. Sequencing strategy for the 1.2 kb Hind111 Fig.3. Nucleotide sequence of the 1224 base pair Hind111 
fragment (pBPOO1) containing the pilin gene. Bold fragment (pBPOO1). The mature P. aeruginosa PAK 
arrow indicates location of pilin gene and direction of pilin protein sequence with leader sequence is shown 
transcription. The direction of the sequenced DNA with the putative cleavage site of the leader sequence 
fragments is shown by arrows beneath the restriction represented by the arrow and the proposed Shine- 
map. Dalgarno sequence underlined. 
aeruginosa PAK pilin gene was found within this 
Hind111 fragment (nucleotides 457-906) and was 
the same as the published protein sequence [191, 
except that it contained a 6 amino acid leader se- 
quence and a carboxy-terminus arginine, instead 
30 60 
AAGCTTTCCTGTCCAGGTGTTCAGGTCGCRATAGGCGAT~ccGAAcTGc~CGGCGGAcAA 
HlrldIII 
90 120 
TTCGGCCAGGGCCRGGCCGCTTRCCAGCTTGTTCTGCACCCCAGCGACAG 
150 180 
CTTGTTGCGCTGCGCCTGCGTCTGGGCCTGCAGGGCGGTCGTAGATTGGC 
PStI 
210 240 
TTGGACGAGCTGTCGGGACAGACCGCTCAGTTGGATGCTGTCGTTCATGGAGAAGGAAAT 
270 300 
CGCAGAGGGCTATTGAAGTGCCTTATAACGCAGATAACA~GGTCTGCCA~ATCGGGGGAG 
330 360 
TCCGGCTGTCAAAAAGTGTCACATCCTGTCCGTTTTAAG~~~,G*GTCTCCTCGGGAAGG~ 
390 420 
CATAAGACGGCCTTGCTCGCTATGTGAACGGTATTTGGCATGGTAAGTG~TTG~TAGGGT 
450 v 480 
TAGGCGTTAGGCCTATACATATCAAToGAGATATTCnTGAAAGCTCAAAAAG~~~TTACC 
MetLysRlaGlnLysGlyPhel'hr 
510 540 
TTGATCGAACTGATGATCGTGGTTGCGATCATCGGTATCTTGGCTGCAA~TGCCA'~TCCT 
570 600 
CAGTRTCAGnRTTATGTAGCTCGTTCGGAAGGCGCATCTGGGTCAATCCG 
Gl"TyrGlnA~nTyr"alAlaArgSerGluGlyAlaSerR~~~~"A~~~~="~~As"~~~ 
630 6hO 
TTGAAGACTACCGTTGAAGAGGCGCTTTCTCGTGGTTGGAGCGTGAAGAGCGGTACAGGT 
L~"LysThrThrValC1"G1uAlaLfuSerRrgClyTrpS~~ValLysSerG~yTh~Gly 
690 720 
ACAGAGGACGCTACTAAGAAAGAGGTTCCTCTGGGGGTGGCGGCAGATG~TAACAAACTG 
ThrGluAs~AlaThrLysLysGluValProLeuGlyValA~aA~aAspAlaA~"LysLeu 
750 780 
GGTACTATCGCACTCAAACCCGATCCTGCTGATGGTACTGCAGATATCA~TTTGACTTTC 
GlyThrIleAlaLe"LysProAspPrOAlaAspGlyThrA~=A~~~~~T~~~~"T~=~h~ 
sau3* PS+LI 
810 840 
ACTATGGGCGGTGCAGGACCGAAGAATAAAGGGAAAATTATTACCCTGACTCGTACTGCA 
ThrMetGlyGlyAlaG,yProLysAsnLysGlyLysIleI=~Th=A~~ 
Pstl 
870 900 
GCTGATGGTCTCTGGAAGTGCACCAGTGATCAGGATGAGCAGTTTATTCCGAAAGGTTGC 
AlaAs~GlyLeuTr~LysCysThrSerAspGlnAspGlnAspGluCl"PhellePr~Ly~G~yCys 
sau3rl 
930 960 
TCTAGGTAATTTTGTAAGCGCTGGATGGTGTGTTGAACTATCGATGATTTGATGATAGTTTC 
SerArgEnd 
1050 1080 
GGTTCGATTCCTCTATCCGGCACCAGTCGCATAAGCCCCGCTTCGGCGGGGCTTTTT 
1110 1140 
TTCGCCTGCGATTCGTTCAGAGGGTGAGGCGCATGGACAGGTCGACGGCCCTGACGTCCT 
1170 1.200 
TGGTCAGGGTGCCGATGGAGATGTAGTCGACGCCGGTCTCGGCGATGTTGCGCAGGGTGC 
TTTCGTTGATCCCGCCGGRAGCTT 
sau3* HlrldIII 
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of lysine. This C-terminus variation is not an error 
in the protein sequence, but represents a real dif- 
ference between pilin derived from a multi-piliated 
mutant of P. aeruginosu PAK (PAK/2Pfs), which 
was used for protein sequencing studies [19], and 
the wild type strain of P. aeruginosa PAK, from 
which the present pilin gene was cloned. 
According to the nucleotide sequence, the 
mature pilin molecule has 6 amino acids removed 
from its amino terminus. Most bacterial proteins 
which are to be secreted or inserted into the outer 
membrane have an amino-terminal extension 
which is subsequently removed [21]. This signal se- 
quence is usually characterized by a hydrophobic 
core of 12-20 amino acids with one or more 
positively charged amino acids preceding this 
region. The P. aeruginosa PAK pilin leader se- 
quence lacks this hydrophobic core but the N- 
terminal region of the mature pilin is hydrophobic 
and could substitute for the hydrophobic region 
missing in the signal sequence. Four nucleotides 
(GAGG) 6 positions upstream of the ATG start 
codon of pilin match the consensus equence for a 
ribosome binding site [22]. The proposed transla- 
tional start site for the PAK pilin gene is shown at 
nucleotide position 457. This was chosen in 
preference to position 445 (the only other possible 
start codon) because it is preceded by a potential 
ribosome binding site, while such a ribosome bind- 
ing site is not evident in the region preceding posi- 
tion 445. The 1224 bp Hind111 fragment also con- 
tains an open reading frame of 111 amino acids ex- 
tending from the Hind111 site (position 1) to 
nucleotide 335. Perpaps this is a C-terminal por- 
tion of a protein found upstream of the pilin gene 
on the chromosome. No other reading frames of 
any significance were found in either direction on 
this fragment. 
Other infectious organisms such as Bacteroides 
nodosus and N. gonorrhoeae have pilin proteins 
which have a homologous amino-terminal region 
[23,24]. The nucleotide sequences for these pilin 
genes have also been determined 123,241 and they 
have similar short, positively charged leader se- 
quences with the last 3 residues of the leader con- 
served among all 3 leader sequences. The P. 
aeruginosa PAK leader sequence has two positive 
charges within 6 residues compared to one positive 
charge found within 7 residues in N. gonorrhoeue 
and B. nodosus. These charges may be important 
in preventing aggregation of pilin subunits before 
pilus assembly occurs. 
Probing the same Southern blot as used for the 
synthetic oligonucleotides with the 610 bp PstI 
fragment of the cloned DNA (containing the signal 
sequence and the first 96 amino acids) resulted in 
a blot identical to the one probed with the 
oligonucleotide pool (fig. 1). With all digests only a 
single band appeared. These data indicate that the 
pilin gene is found as a single copy in the genome, 
or within a very large repeated segment. This is in 
contrast with N. gonorrhoeue, which has at least 3 
copies in its genome [24]. 
When the synthetic oligonucleotide pool was 
hybridized to various digests of P. aeruginosa 
PA0 chromosomal DNA, no homology was 
detected, even though these proteins have similar 
amino acid sequences in the amino terminal region 
(Sastry, P. et al., unpublished). It appears that the 
PA0 pilin gene contains differences in amino acid 
sequence in the region of residues 23-28 which 
prevent the oligonucleotide pool from hybridizing. 
However, when the PstI 610 bp fragment from 
PAK was used as a probe with PAO, a single band 
with detectable homology was found in all digests. 
We have cloned the P. aeruginosa PA0 pilin gene 
and are currently determining its sequence. 
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